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FOREWOKD 

This  r e p o r t  s u m m a r i z e s  the prel iminary des ign  study of a Lunar  
Gravi ty  Simulator s y s t e m  conducted for  the NASA Marsha l l  Space Fl ight  
C e n t e r ,  Advanced Sys tems Office, by the Lockheed Miss i les  & Space 
Company's  Huntsville Resea rch  & Engineering Center  (LMSC/HREC). 
The  study was conducted under  Contract NAS8-20351 during the per iod 
15 June 1966 through 14 October 1966 by the HREC Sys tems Engineering 
Organization, Mr.  R. S. Paulnock, Manager. P ro jec t  Engineer  f o r  the 
p r o g r a m  was  Mr .  R.  B. Wysor.  NASA technical direct ion was  provided 
b y  Mr .  H e r b e r t  Schaefer ,  R-AS-AT (Pr inc ipa l  COR),  and  Mr. Rober t  R. 
Belew,  R - P  & VE-AA (Alternate COR). 
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SUMMARY 

A pre l imina ry  design study was conducted of a Lunar  Gravi ty  S imula to r  
(LGS) s y s t e m  f o r  evaluating Lunar Surface Vehicles (LSV's). 
month study investigated two - and th ree  -dimensional LGS configurations. 
The two-dimensional (2 -D)  configuration r e s t r i c t e d  LSV longitudinal axis 
motion to the X-Z  plane while the vehicle t r a v e r s e s  a s imulated lunar  
t e r r a i n .  
LSV yaw and l a t e ra l  deg rees  of freedom. 
and  3 - D  LGS sys t em configurations w e r e  developed which ut i l ize  cu r ren t ly  
avai lable  se rvo  control  and  dr ive  sys t em components. Dynamic e r r o r s  of 
the L G S  s y s t e m  were  evaluated with a n  analog computer  by developing 
mathemat ica l  models  of the LGS/LSV sys t em and conducting s imulated 
obs tac le  negotiation a t  maximum vehicle velocity and  var iable  obs tac le  
heights.  Resul t s  indicate that the lunar  gravi ty  e r r o r  may  be minimized 
by maintaining suspension cable lengths in  a 30 to 53 foot range. Cos t  and  
schedule  data were  developed f o r  the design,  manufac ture ,  a s sembly  and  
checkout of the functional e lements  (excluding building facil i ty,  e tc . )  of the 
2 - D  or 3 - D  sys tem.  The 3 - D  configuration was  favored ove r  the 2-D con- 
figuration because of simulation superior i ty  and  is recommended f o r  fu r the r  
design and development efforts.  

The four -  

The three-dimensional  (3-D)  configuration allowed additional 
A s  a re su l t  of this  study, 2-D 
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1.0 INTRODUCTION 

P l a n s  for  the exploration of the lunar  sur face  a r e  consider ing the 
development of Lunar  Surface Vehicles (LSV's). 
the Local Scientific Survey Module (LSSM), would be  used  fo r  t ranspor t ing  
the as t ronaut  and selected scientific instruments  on explora tory  lunar  
su r face  missions.  
ment  and  the des i r ed  sur face  speeds for the l imited l ife support  s y s t e m  
c r e a t e s  problem a r e a s  not usually associated with sur face  vehicle mobili ty 
sys t ems .  These problems indicate that s e r ious  considerat ion should be 
given to  a Lunar  Gravity Simulator f o r  evaluating fu l l - sca le  Lunar  Surface 
Vehicles  as  they t r a v e r s e  s imulated lunar  t e r r a i n  in a n  e a r t h  gravi ty  
environment.  
LSV mobili ty sys t em per formance  pa rame te r s ,  es tabl ish proven criteria 
fo r  mobility sys t em design,  a sce r t a in  the man-machine relat ionships  in 
the 1/6-g environment and t r a in  ast ronauts  to opera te  LW's in a 1/6-g 
environment.  

These vehicles ,  such as 

The combination of rugged t e r r a i n ,  1/6 ea r th  g environ-  

This s imulator  sys tem would be used  to substant ia te  the 

With these objectives in mind, LMSC/HREC conducted a p re l imina ry  
design study of a Lunar  Gravity Simulator s y s t e m  under cont rac t  to the 
Marsha l l  Space Flight Center .  P r i m a r y  tasks  for  the p r o g r a m  w e r e  to 
conduct a pre l iminary  design study of a two-dimensional (2-D)* Lunar  
Gravi ty  Simulator s y s t e m  and to analyze the requi rements  and p repa re  
conceptual designs of a 3-D sys tem.  (See References  1, 2 and 3 . )  Other  
tasks  included investigating a sys tem for suspending the LSV dr ive r  to 
s imula te  the 1/6-g environment  and determining the c o s t s  and schedules 
for  the design,  fabr icat ion,  assembly  and  checkout of a Lunar  Gravi ty  
Simu la to r s y s t e m . 

In this study, Lockheed used  the m o s t  up-to-date information that 
was avai lable ,  including e a r l i e r  studies outlined in  Table 1 ,  and applied 
that information to der ive  a workable solution to the problem of lunar  
gravi ty  simulation. Although the solution may not necessa r i ly  be  opt imum, 
it i s  s t ra ightforward and workable f rom the standpoint o f  high per formance  
and low cost.  
r epor t  p resented  in Reference 4. 

This  document presents  a condensed s u m m a r y  of the study 

- a -  

A two-dimensional LGS r e s t r i c t s  LSV motion to a ver t ica l  plane with 
f r eedom in the ro l l ,  p i tch,  ver t ical  and longitudinal dimensions; a th ree -  
dimensional s y s t e m  allows additional f r eedom in the yaw and  l a t e r a l  
d i r e  c tions . 
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Lockheed's approach to the prel iminary design of a Lunar  Gravi ty  
Simulator  (LGS) was  guided principally by specifications der ived f r o m  the 
Scope of Work (Reference 5). 
1 una r g ravi. t y  si mill a. t io~l de vice : 

These bas ic  specifications w e r e  that the 

0 will suspend the t e s t  vehicle so tha t  it will opera te  on a n  
essent ia l ly  horizontal  plane; 

must Ile capable of accommodating vehicles of a mass weighing 
450  I - $  to 4500 kg approximately 1000 lb to 10,000 lb )  at speeds  
f ron ,  0 tu - i- 2 0  lcm I -  hr (t 18.25 ft/sec); and 

mus t  pe rmi t  t e s t  vehicle freedom of movement  in two dimensions,  
fo re  and aft  (t X axis) and ver t ical  (t Z axis) for the 2-D case. 
A l s o ,  the test-vehicle mus t  have fregdom of movement  in the 
ro l l  ( 4 )  and pitch (0 )  directions (up to - t 35O). 

0 

0 

In addition, specifications w e r e  that: 

0 The 2-D configuration should b e  capable of being expanded to  
a 3-D sys t em to allow freedom of movement along the lateral 
(LY) axis. 

In o r d e r  to provide adequate simulation of 1/6-g, the device 
mus t  respond to vehicle motion with minimum lag ,  

The elevation difference in the t e s t  cou r se  fo r  the t e s t  vehicle 
shall  be a s sumed  to b e  7 me te r s  (23 f t ) .  

0 

e 

0 Vehicle acce lera t ions  will occur as two types: 

( 1  ) Long duration, relatively low accelerat ion motions due 
to vehicle t r ave r s ing  and braking actions.  

(2)  Transient ,  high accelerat ion per turbat ions introduced 
by a s imulated lunar surface. 

The expected ranges  of those accelerat ions were: 

T r ans  ient Fore and Aft: Accel: 0 . 8 g  
F o r e  and Aft: Decel: 2.0 
u p :  
Down : 

Long  Duration F o r e  and Ait: 
V e r t ic a1 

2.0 - 4.0  
1.0 

0.1 
0.05 

2 
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’l’lie LGS design that resulted f rom these c r i t e r i a  is a sys t em in which 
the L S V  is s u p p r t e - d  b y  s teel  cables rigged f r o m  a n  overhead suspension 
pla tfo r m . 
the cable  wi i iches ,  maintain constant tension equivalent to 5/6 of the vehicle 
weiglit in the cable.  
on an overhead ra i l  s t r u c t u r e ,  supports and  guides the suspension platform. 
A s e r v o  -controlled hydraulic capstan dr ive  provides  the power f o r  maintaining 
ver t ical  a.lignrnent hetween the platform arid the LSV. 
vides the relat ive disp1.acement e r r o r  fo r  maintaining this  alignment. 
three-dimensional  configuration requires  a 100 foot (minimum) span br idge 
s t r u c t u r e  with additional t rol leys  and dr ive  s y s t e m s  fo r  l a t e r a l  and yaw degrees  
of f reedom.  Also,  a s h o r t  t rack  between the support  s t r u c t u r e  and the s u s -  
pension platform provides the high accelerat ion response  c h a r a c t e r i s t i c s  in 
the direction of vehicle travel.  The following paragraphs  descr ibe  the 3-D 
configuration and the corresponding sub-sys tems which could b e  used  fo r  a 
2-n configuration. 

1-1 ig 11 p e I‘ fo r nian c e s e r vo - con t r olle d h yd r ai11 ic m o  to r s , which powe r 

In  the two-dimensional configuration, a t ro l ley ,  traveling 

An optical  s enso r  p ro -  
The 

2.1 THREE-DIMENSIONAL CONFIGURATION 

The evolution of the 3-D design concept shown in F i g u r e s  1 and 2 
r e q u i r e s  the identification of bas ic  components o r  sub - sys t ems  which could 
b e  used  in e i the r  the 2-D o r  3 - D  configurations. 
the suspension platform trolley and drive sys tem.  
shown in F igure  2 is a rigid s t ruc tu re ,  which includes up to six wheels  and 
two c h a s s i s  suspension s y s t e m s ,  partially supporting the LSV through suspen-  
sion cables  and constant force  -controlled winch sys tems.  The suspension 
cables  are  routed through pulleys which may be  located to  match  the LSV 
at tachment  points. 
s tan t  force-controlled winch system. 
sensing is located at the LSV attachment point in o r d e r  to accura te ly  s imu-  
l a t e  t h e  liinar .~ environment under highly dynamic conditions. A special  
h a r n e s s  and f r a m e  at tachment  a t  the wheel hub pe rmi t s  the wheel to be  f r ee ly  
moved without interferr ing with the suspension cable. Suspension f o r c e  con- 
t r o l  can  be e a s i l y  adjusted at a control console located as shown in F igu res  
1 and 3 .  

The logical interface is 
The suspension platform 

F igure  3 i l lus t ra tes  the bas ic  e lements  of a typical con- 
In each c a s e ,  the s t r a i n  gage type 

Other  major  functional e lements  of the 3 - D  LGS s y s t e m  a re  the shor t  
t r ack  (0, yaw (lP) bearing a n d  l a t e ra l  ( Y )  trolley s t r u c t u r e ,  a n d  thc b r i d g e  (X)  
a s sembly  (F igures  1 and 2 ) .  
d r ive  sys tem which malnta1nrj exacting ctlignment of the su:-pension platform 
with the LSV. 
Two optical s e n s o r s  located on the suspension platform (Figure  2 ) ,  wliic It 

provide relative rn isalignment signals fo r  controlling the rnii j o r  t l r i v e  sys tems,  
a r e  focused r)n t l i c b  light sources loccltecl on thr. 1,SV. 
differentiated so  t l ~ a t  r l r sp laccn~ent  aiid r a t e  s i g n a l s  a r c  fe t l  to elcc t r c i -  
mechanical resoli icrs loca ted  o n  the  y c ~ w  bcdriiig strric lu rc .  
these resolvers cirt$ the cr,ntrol ~ i g d s  f o r  e a c . i i  o f  ttic d r i v c  s y s t v r n s .  I1C 
e l e c t r i c  rnotors ,   sing Y ilicon controllecl rectifier (SCR) control  U I I I ~ . ~ ,  1)t-o- 

vide power f o r  the b r i r l g e  assernhly,  l a t e r a l  t ro l ley  a r i d  yaw dr lve  sys t ems .  
An electro-h~dra1111c se rvo  actuator ,  liaving a rriaxiriium s t roke  capabili ty 
3 f  t 2 f ee t ,  powers the short  t r a c k  system. 

Each of these e lements  h a s  a corresponding 

The interrelation of these e lements  is shown in F i g u r e  4. 

‘I’l~esc~ s i g i i ~ i l s  arc 

Or1tljut f r o t i l  

- 

3 
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The operating principle of the optical t racking sys t em i s  i l lus t ra ted  
i n  F igu re  5. 
on the LSV pitch axis to provide the necessa ry  alignment e r r o r  s ignals  d e s -  
cr ihed previously. The sensing element i s  a four-quadrant  photocathode ' 
which provides a voltage output proportional to the lighted image area. The 
photo-multiplier tubes a r e  mounted on the suspension platform (Figure  2). 

Two photo-multiplier tubes a r e  focused on light s o u r c e s  located 

References  3 and 4 descr ibe  the 3-D configuration in  detail.  

2.2 TWO-DIMENSIONAL CONFIGURATION 

The two-dimensional LGS configuration ut i l izes  the same bas i c  s u s  - 
pension platform design descr ibed  for the 3 - D  configuration. The p r i m a r y  
difference i s  that the platform trolley which interfaces  with the s h o r t  t r a c k  
r a i l s  in the 3-D configuration is  guided by two para l le l  r a i l  su t ruc tu res  
which extend for  the full length of the t e s t  a r ea .  
support  these  r a i l s  at approximately 25 foot intervals .  
head s t ruc tu re  requi red  reduces the facil i ty height by 12 f ee t  when com- 
pa red  with the 3-D configuration. 

Overhead s t r u c t u r e s  
The l imited o v e r -  

The optical tracking sys t em for the 2-D configuration r e q u i r e s  only 
one photo-multiplier tube to s e n s e  the longitudinal a l ignment  and a c o r r e s -  
ponding l ight sou rce  on the LSV. 
hydraul ic  motor  which dr ives  two cable caps tans  to control  the motion of the 
platform.  

The resul t ing e r r o r  signal cont ro ls  a se rvo-  

Rcl'erences 2 and 4 desc r ibe  the 2 - D  configuration in  m o r e  detail.  

2.3 COST AND SCHEDULE DATA 

The es t imated  cos t s  and program schedule w e r e  determined for both 
the 2-D and 3-D LGS configurations. 
e lements  of the LGS system. 
a c c e s s o r y  equipment and instrumentation for operat ing the facility are  not 
included. 
fo r  each configuration. 

This  data include only the functioning 
The building s t ruc tu re ,  s imulated t e r r a i n ,  

The following outline summar izes  the p rogram cos t  and sc1it:dule 

4 
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Iteiii 

En g in c e r in g and Fab r i c a ti o n 
Manhour s 

2 - D  LGS 3-D LGS 

16,800 31,430 

Mater ia l  Cost  $193,000 $294,300 

Total P r o g r a m  Cost 
(Including F e e )  

P r o g  rain Schedule 
(Design, Fabricat ion,  Checkout) 

$449,900 $7 32,500 

50 weeks 57 weeks 

A m o r e  detailed breakdown of the cos t  and schedule data i s  given in  
Reference  4. 

3 . 0  ANALYSIS AND SIMULATION 

Design ana lys i s  of the Lunar  Gravity Simulator sys t em was principally 
that requi red  fo r  the constant fo rce  sys t em fo r  the cable  suspension and the  
t rol ley d r ive  s y s t e m  for  maintaining LSV suspension platform alignment. 
Mathematical  re la t ions were  derived to  r ep resen t  the functional components 
and control  sys t em of each system. 
Lockheed' s analog computers  to simulate the LGS/LSV combination under  
varying conditions of LSV sur face  velocity, lunar  t e r r a i n  and LGS design 
pa rame te r s .  
in the analog simulation. 
the suspension cable length and the effect of i ts  variation on the luna r  g 
sirnuiatiori. 
paragraphs .  

These  equations w e r e  p rogrammed  on 

Both the MOLAB and LSSM lunar  su r face  vehicles w e r e  included 
The principal design p a r a m e t e r  investigated was  

The r e su l t s  of this investigation a r e  d iscussed  in the foilowing 

3.1 CONSTANT FORCE CONTROL 

* 
Simulation of lunar  g in the ear th  g environment  r equ i r e s  a constant  

force  control  on each of the L S V  principal masses .  
fo r  accomplisliing this in  each of the suspension cables  was  descr ibed  in the 
previous section. 
lation of the vehicle and control  system. The p r i m a r y  e lements  o f  the  con- 
stant  fo rce  control  sys t em was shown  in  F igu re  3 .  This  s y s t e m  rcqu i r c s  a n  
e 1 e c t r o n i c c o mp en sa tion ne two rk b c cau s e the un co mp e n sa tc t l  cont r 01 s y s t c m 
was found to have very  poor d a m p i n g  cha rac t e r i s t i c s  (7% o f  c:ritical), c:specially 
in the wheel suspension devices.  
found necessa ry  to inc rease  sys t em damping to approximatc.ly 7070 of c r i t i ca l .  
Conventional e lectronic  hardware  can be  used  for  this  network. 

The proposed method 

This technique was  evaluated by a n  analog computer  s imu-  

A tandem type con1pc:nsating network was 

5 
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A ramp- type  obstacle  w a s  used fo r  the dynamic evaluation of the 
LGS/LSV sys tem in tlie roll i .111~3 pitch configurations. 
f iguration, t he  siniulation was analogous to a f ront  alld r e a r  whcel s imul-  
tancoris ly  r:n,qiiging thc obstacle. In the pitch configurat io~l ,  the simulation 
was aualogoiis to both front  wlicels and both rear wheels  sequentially engaging 
the obstacle ,  Typical output data f o r  the pitch configuration simulation i s  
shown in F igu re  6 ,  which i l lustrates  the r e a r  wheel dynamic cha rac t e r i s t i c s  
resiilting f r o m  !loth f ront  wheels engagi::g a 1.0 foot r a m p  obstacle  followed 
by both r e a r  wheels engaging the same obstacle. 
fo r  the LSSM vehicle with a surface velocity of 9.0 km/hr  (8.2 f t / sec)  and an 
LGS suspension cable length of 50  feet. 
imposed on the r c a r  wheel displacernent/time c h a r t  to i l lus t ra te  the obstacle  
cngagemerit and clcparture f r o m  ground contact. The rear wheel fo rce  e r r o r ,  
proportional. to l u n a r  gravi ty  e r r o r ,  i s  c losely re la ted  to the ver t ica l  velocity 
a s  shown. 

F o r  the rol l  con- 

The simulation i s  shown 

The r e a r  wheel d iameter  is supe r -  

F igu re  7 i l lus t ra tes  a comparison of the rear wheel dynamic cha rac -  
t e r i s t i c s  in  lunar  gravi ty  and with simulated gravi ty  using the LGS. 
corresponding lunar  gravi ty  e r r o r  is a l s o  shown. 
resu l ted  f rom the s a m e  LGS/LSV conditions descr ibed  for  F igu re  6. 

The 
These  cha rac t e r i s t i c s  

One of the significant r e su l t s  of the LGS dynamic ana lys i s  with analog 
simulation w a s  the effect  of variable suspension cable  length on luna r  gravi ty  
e r r o r .  F igu re  8 i l lus t ra tes  the peak luna r  gravi ty  e r r o r  ve r sus  cable  length 
for  the  LSSM hitting a one-foot obstacle a t  9.0 km/hr .  
viously, these peak e r r o r s  were  strongly influenced by  the ver t ical  velocity 
t rans ien ts  a t  the at tachment  points. 
to minimize the gravity e r r o r  is indicated. 
30 f ee t  was establ ished by the static e r r o r s  caused  by var ia t ions in  LSV rol l  
and pitch att i tudes d iscussed  in  Reference 2. 
chankc: of 23  i ce t  (7m),  the recommended cable length range w a s  3 0  to 53 
feet ,  a s  indicatt:d in Figurc 8. 
for  an cxt rcmc condition a n d  wou1.d b e  considerably smilllei: for  no rnial 
operating conditions. 

A s  discussed  p r e -  

The impor tance  of min imum cable  length 
The minimum cable  length of 

Adding the r equ i r ed  e1ev;ition 

Note that these sirnulation e r r o r s  a r e  shown 

T h e  analog data r e su l t s  f o r  both the LSSM and MOLAT3 vc:tiicl(:s wvrc  
reviewed to es tabl ish a l imi t  design c r i t e r ion  for  t h e  LGS. 
the select ion of a one-ioot obstacle  height with the vehicle cngaging thc 
obs tac le  a t  maximum velocity and a suspensivii cable  length of 6 0  fcet. 
This  resu l ted  in  peak dynamic cha rac t e r i s t i c s  wel l  over  t h c  r ide comfor t  
l imi t s  anticipated for  the LSV. 
b e  as  high as  2070 (peak). 
i s  doubtful because of the s e v e r e  obstacle/velocity combination. 
under  normal  operat ion should be  l e s s  than 10% 

This  rcsultc.d in 

The corresponding lunar  gravi ty  erro1;s may 
Whether this level  of e r r o r  will actually h e  approarhcd  

Pcak  e r r o r s  

6 
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T h e  fo rce  control sys t ems  evaluated w e r e  found to be  m o r e  than adequate 
for  the LGS requirements .  
cus sed  in  detail  in Refe rences  2 and 4. 

Analysis and simulation of these s y s t e m s  a r e  d i s -  

3.2 SUSPENSION PLATFORM DRIVE SYSTEM 

The m o r e  c r i t i ca l  dr ive sys tem fo r  maintaining ver t ical  alignment 
between the suspension platform and the LSV was  that required to dr ive  
the platform as the LSV is exposed to high f o r e -  and af t - t rans ien t  a c c e l e r a -  
tions. This dr ive  sys tem,  commonly t e r m e d  the " t rol ley system" f o r  the 
2-D configuration and the "shor t  t rack  system" for  the 3-D configuration, 
was  controlled by the optical tracking s y s t e m  and  the electrohydraulic 
ac tua to r s  descr ibed previously in Section 2.1. Dynamic evaluation of the 
d r ive  s y s t e m  was accomplished by  an analog computer  simulation which 
r ep resen ted  the LGS/LSV ine r t i a s ,  the control s y s t e m  and the suspension 
cable  dynamics  ( la te ra l  vibration). Deceleration s tep  function pulses  of 
varyin 
4.4 km$hr (4 ft /sec).  Tract ive force e r r o r s  w e r e  r eco rded  fo r  this dynamic 
condition and var ious suspension cable lengths. 
s e v e r e  condition, the MOLAB vehicle at a maximum speed of 20 km/hr  
(18.25 f t / sec) ,  is shown in F igu re  9. 
fo rce  e r r o r  of l e s s  than 2.5% of the nominal LSV acce lera t ion  capability 
(0.1 g). This e r r o r  was found to b e  a function of vehicle velocity. Thus,  
the LSSM vehicle,  with a max imum velocity of 9.0 km/hr  (8.2 f t / sec) ,  
indicates  a dynamic t rac t ive  f o r c e  e r r o r  of l e s s  than half the MOLAB 
e r r o r .  
that  the s y s t e m  response was m o r e  than adequate for  the LGS requirements .  

l eve ls  were  imposed on the LSV fo r  a total velocity change of 

P e a k  e r r o r s  for  the m o s t  

These  r e su l t s  indicated a peak t rac t ive  

Resul ts  of the t rol ley dr ive  s y s t e m  analog simulation indicated tha 

A detailed discussion of t h e  drive sys t em,  including the additional 
d r ives  for  the 3-D configuration, may be found in Refe rences  2,  3 and 4. 

4.0 FACILITY CONSIDERATIONS 

4.1 REQUIREMENTS 

One of the important considerations for  the LGS was the f a c i l i t y  r equ i r e -  
men t s  for  the 2 -D and 3-D configurations. An enclosed o r  she l te red  f a c i l i t y  
was  found des i rab le  because  normal  weathering elements  may in t e r f e re  with 
planned t e s t s  o r  may  erode the simulated te r ra in .  Also,  it was considered 
des i rab le  to implement  the LSV testing with special  lighting to test the d r ive r ' s  
perception to shadowed obstacles  and  the subsequent negotiation problems.  
The following outline s u m m a r i z e s  the faci l i ty  r equ i r emen t s  for ~ I I c !  2 - D  and 
3-D LGS configurations. 
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M in i mu m R e  qui r e men t 2 -D  LGS 3 - D  LGS 

Ver t ica l  height, feet  63 74 

Width, feet  25  100 

Length,  fee t  250 200 

400,000 1 500,000 

+40,000 lb c r a n e  r a i l  

3 
Volume, f t  

Total support  load 11,000 lb roll ing 45,830 lb  roll ing 

Elec t r ica l  power 56 hp (75 kw) 281 hp (376 kw) 

Dimensional data was  determined from the minimum requi red  to 
house the functional e lements  of the LGS and the t e r r a i n  su r face  requi red  
for  a minimum of mobility testing. For example,  the 3-D LGS width and 
length were  determined by the maximum anticipated vehicle t u r n  radius .  
The e l ec t r i ca l  power requi rements  l is ted a re  the approximate total ac 
e l ec t r i ca l  power requi red  for  t h e  dr ive-motors  and the hydraul ic  pumps. 

4.2 CANDIDATE FACILITIES 

An i somet r i c  view of a facility for a 3-D LGS configuration with 
s imulated lunar  t e r r a i n  is shown in F igu re  10. 
the LSV mobili ty cha rac t e r i s t i c s  and d r i v e r  per formance  a r e  i l lustrated.  
A pre l imina ry  investigation indicated that  she l te red  faci l i t ies  with these  
approximate  dimensions and with adequate c r a n e  rail capaci t ies  a re  in 
exis tence a t  Marsha l l  Space Flight Center.  ( S e e  Reference  4.) Buildings 
a t  MSFC wcre  candidates for  a 2 -D configuration also, but the 2 - D  LGS 
would not fully uti1 izc the intcriial space available. 

Typical paths  for  evaluating 

One existing facil i ty that  could possibly b e  modified i s  the Langley 
Lunar  Landing Resea rch  Faci l i ty  (LLRF) in  Virginia,  which was designed 
fo r  r e s e a r c h  in piloting problems f o r  a lunar  approach  and touchdown. 
The facil i ty i s  designed to support  a LEM with full-fuel load (30,000 pounds) 
but the p re sen t  t e s t s  u s e  a half-scale prototype weighing 10,000 pounds. 
The faci l i ty  cons is t s  of a n  open gantry s t ruc tu re  with a n  overhcacl crane. 
The c r a n e  of fe rs  s eve ra l  appealing charac te r i s t ics .  
(= 50 f t / s ec )  capabili ty and i s  servo-controlled to enable the c r a n e  to 
follow the vehicle 's  l inear  motions and to keep the suspension cables 
essent ia l ly  ver t ical .  
br idge c r a n e  a r e  175 feet  high, 50 feet wide and 400 fec t  long. 
of the LGS requi rements  and the Langley L L R F  is shown in  Table 2. 
compar ison  is based  on the following modifications of the LLRF: 

It has  high speed 

Nominal usable in te r ior  dimensions covered by the 
A compar ison  

This 
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1. A suspension platform, with sepa ra t e  winch s y s t e m s  (Z-axis )  
f o r  the LGS wheels and chass i s ,  is instal led on the LLRF 
bridge and dolly s t ruc tu re  (2-D and 3-D LGS). 

2. A shor t -  s t roke  (t 2 f t )  high-accttlcration longitudinal track 
f ramework  i s  required fo r  both the 2-D and 3-D s y s t e m s  
in addition to t h e  existing dr ive system. This  will provide 
the s y s t e m  with a - -t 2.5 g t ransient  acce lera t ion  capability. 

3. A yaw bearing between the sho r t  t r ack  f r a m e  and the s u s -  
pension platform is essential  fo r  the 3-D LGS. 
capability is not requi red  for the 2-D sys t em,  but  would 
grea t ly  faci l i ta te  vehicle turnaround. 

The yaw 

4. Alignment of the suspension p la t form with the LSV would b e  
accomplished by the optical sensing s y s t e m  descr ibed  in  
Section 2 of this  report .  

F o r  the 3 - D  LGS, the L L R F  does not quite m e e t  all requi rements .  
F i r s t ,  the l a t e ra l  width i s  much l e s s  than desired.  
45-degree  turns  r a t h e r  than full 90-degree tu rns  could be devised to con-  
duct  a somewhat l imited t e s t  program. 
acce lera t ion  capabili t ies a r e  marginal even with LSV at 16.5 km/hr (15 ft/sec) 
on the 45-degree turns.  
m u s t  be  reduced to about 13.2 km/hr (12 f t /sec) ,  and less - than-maximum de-  
celerat ion r a t e s  would have to h e  observed. 
would r e su l t  in peak lunar  gravity e r r o r s  of as much as  100% (Figure  8), which 
would c r e a t e  doubt a s  to the validity of the resul t ing t e s t  data.  The most opti- 
mis t i c  reduction of height to 140 f t  would still r e su l t  i n  a 75% peak error. 

A t e s t  c o u r s e  using 

Second, the l a t e r a l  velocity and 

Therefore ,  the LSV maximum velocity in the tu rns  

Thi rd ,  the 175 f t  br idge height 

With the exception of height and the corresponding cable  length problem 
as d iscussed  above, the LLRF meets  the ma jo r  r equ i r emen t s  of the 2 -D LGS 
configuration. This  is noted by the plus f ea tu res  in  the 2-D column of Table  2. 

In summary ,  i t  appea r s  that  the L L R F  offers  only a high-speed b r idge  
c r a n e  and c r a n e  s t r u c t u r e  which would requi re  extensive modifications to b e  
applicable to LSV testing. 

5.0 CONCLUSIONS AND RECOMMENDATIONS 

The p r i m a r y  design study of the Lunar  Gravi ty  Simulator s y s t e m  
resu l ted  in two-dimensional (2-D) and three-dimensional  (3-D) configu- 
ra t ions which uti l ize the s a m e  basic  suspension p la t form ha rdware  f o r  
supporting f ive-s ixths  (5/6) of the weight of the lunar  su r face  vehicle. 
Ei ther  configuration m a y  be built  f rom cu r ren t ly  available components 
and hardware.  The two configurations differ p r imar i ly  in  the mechan i sms  
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f o r  positioning the suspc-tisioii plstforni. A m o r e  complex dr ive  control  
s y s t e m  i s  rcqui red  for  thc :tdditional two-degrees-of-freedom (platform 
yaw and l a t e ra l  t ranslat ion)  required for  the 3-D system. Conversely,  
the 2 - D  sys tem m a y  r equ i r e  the addition of m o r e  p r i m a r y  s t ruc tu re  in  
o r d e r  to uti l ize existing facil i t ies.  

The 3-D LGS sys t em is favored f o r  fur ther  design and  development 
e f for t s  because i t  offers  many m o r e  simulation advantages.  
faci l i t ies  f o r  the LGS should be  extensively investigated and a select ion 
made before  fur ther  design effor ts  a r e  begun. 
include, but not be l imited to: 

However, 

The facil i ty study should 

1. Fu r the r  examination of cu r ren t  and future  LSV mobili ty s y s t e m  
turn  radius  and speed capabili t ies to ensu re  that the s i z e  spec i -  
fications of the facil i ty a r e  adequate. 

2. Determination of facil i ty availability. 

3. Evaluation of suitability f o r  LGS requi rements  with the 
3-D sys t em as a p r i m a r y  considerat ion and the 2-D 
s y s t e m  as secondary. 

4. Determination of modifications necessa ry  f o r  installing 
the LGS (including the est imated cost and schedule). 

5. Investigation of the potential fo r  joint uti l ization with o ther  
s imi l a r  p r o g r a m s  (current  and future). 

-After a suitable LGS facil i ty is se lec ted ,  the design, manufscture ,  
a s s e m b l y  and checkout of a complete LGS sys t em should be  initiated. This 
is es t imated  to cos t  approximately $450,000 for  the functioning e lements  of 
the 2-D s y s t e m  and $732,500 for  the 3-D s y s t e m  functioning elements .  
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Table 2 
COMPARISON OF LGS REQUIREMENTS WITH L L R F  CAPABILITY 

Height 

Width 

Length 

Ver t ica l  (Z  -Axis) 

T rave l  
Velocity 
Accelerat ion 

L a t e r a l  ( Y  -Axis ) 

T r a v e l  
Velocity 
Accelerat ion 

Longitudinal (X-Axis 

T r a v e l  
Velocity 
Accelerat ion 

LGS 
R.e qui r e men t s 

7 4  ft  

100 f t  min. 

200 f t  min. 

Q 

See Note 0 
23 f t  
0 
0 

100 f t  min. Q 
15 ft /sec Q 
+o.z g 0 @ - 

200 f t  min. a 
- to.2 18-25 g fa?ec 

LLRF 
Capabili ty 

175 f t  

50 ft  

400 f t  

L L R F  Modifi- 
cat ion required.  
S e e  Note 0 

5 o f t  0 
I O  f t /sec 
- to .1  g 

400 f t  
49.7 f t /sec 
t.17 g,  -.39 g 

2 - D  
LGS 

- 

t 

t 

N/A 
N/A 
N/A 

t 
t 

Marginal  

3-D 
LGS 

- 
- 
t 

- 
Marginal  
M a r  g inal  

t 
t 

Marginal  

Notes: 

0 A suspension platform and associated suspension device a r e  requi red  

to provide independent suspension for  each wheel and chass i s .  

Table  2.3 for  s epa ra t e  wheel and chassis requirements .  

The  2 -D LGS requi res  only 25 ft width and no l a t c r a l  travel.  

The L L R F  width imposes a vehicle t u rn  angle  l imitat ion of about - +45O 

f r o m  the longitudinal axis. When this l imitation is used,  the 3-D LGS 

requi rements  a re :  

See  

0 

0 

velocity = 10.5 ft/sec and acce lera t ion  = - t0.14 g. 

@ '' This  value is for  the br idge drive systems only. A s h o r t  t r a c k ,  o r  

dr ive  mounted with yaw capability, is requi red  to meet  t r ans i en t  

(52.5 g )  acce lera t ion  requirements .  

@ 3-D LGS only. T h e  2 -D sys tem requ i r e s  approximately 250 ft .  
___.____ - -- 
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